Despite significant implications of viral activity in sediment ecosystems, there are limited data describing how sediment viral assemblages respond to broader ecosystem changes. To document this, the spatial and temporal dynamics of viral and bacterial abundance (BA) and changes in the morphological distribution of viruses were examined within three salinity regions over 2 years. Viral abundances (VA) ranged from 0.2 to 17 9 10 10 viruses mL À1 sediment while direct bacterial counts ranged from 3.8 to 37 9 10 8 cells mL Across all samples, viral and BA were positively correlated (P < 0.001). Vertical profiles showed a decrease in viral and BA with depth in sediments. Based on transmission electron microscopy results, viruses with diminutive capsids (20 -50 nm) and from the Myoviridae and Podoviridae viral family types were dominant within surface sediments. The most morphologically diverse viral assemblages occurred in autumn samples from the sandy, polyhaline station and spring samples from the mesohaline station. Seasonal changes showed an average 72% decrease in VA from spring to winter. These observations support the view that viriobenthos assemblages are responsive to seasonal environmental changes and that viral processes have significant implications for the biogeochemical processes mediated by bacterial communities within Bay sediments.
Introduction
The fact that water covers 70% of our planet indicates the critical importance of aquatic ecosystems to the biogeochemical processes that sustain the biosphere. However, a less-acknowledged factor is that sediments underlying all this water form the largest submerged terrestrial ecosystem on earth. Sediment ecosystems are a long-term sink for biogenic organic carbon and comprise the largest carbon pool when considering sedimentary carbonates and kerogens (Falkowski et al., 2000) . Once thought to be biological deserts, deep-sea sediments are now known to contain abundant and active microbial life (Biddle et al., 2008; Lipp et al., 2008) that is highly susceptible to viral attack (Danovaro et al., 2008a, b; Corinaldesi et al., 2010) . The vastness of the deep-sea benthos is paramount to its importance in the global carbon cycle, yet the 7% of the ocean floor along coastal and continental margins accounts for 35% of all organic carbon delivered to the bottom of the sea (Chen & Borges, 2009) . It is these coastal and marginal benthic environments that are critical to supporting productive overlying coastal marine ecosystems.
In contrast to aquatic environments where multi-cellular organisms thrive, by and large, it is the collective physiological activities of microorganisms that accounts for nearly all carbon turnover and nutrient element transformations within sediments (Whitman et al., 1998) . Top-down features such as the microscale physical structure and steep chemical gradients within sediments contribute to the extraordinary phenotypic and metabolic diversity of benthic microbial communities (Torsvik et al., 2002) . However, the discovery of extraordinary viral abundance (VA) within a variety of sediment environments (Hewson & Fuhrman, 2003; Helton et al., 2006; Danovaro et al., 2009; Ram et al., 2009) and even the low productivity environments of deep-sea sediments (Danovaro et al., 2008a, b) now indicates that bottom-up processes such as viral infection and lysis may also shape the composition and diversity of sediment microbial communities. While no direct observations of viral-induced changes in benthic microbial communities have been reported, a handful of studies measuring benthic viral production rates indicate that up to 61% of co-occurring bacterial host cells are lost to viral lysis each hour in coastal sediments (Hewson & Fuhrman, 2003; Mei & Danovaro, 2004; Siem-Jorgensen et al., 2008) . Impacts of viral infection are also significant in deep-sea sediments where it is estimated that up to 80% of daily benthic prokaryotic production is lost to viral lysis (Danovaro et al., 2008a, b) . This same extensive dataset from a number of deep-sea locations also showed a significant positive relationship between viral and prokaryotic production. However, direct observations of infected cells and measurements of viral decay rates in freshwater sediments contradict these estimates of substantial viral impact and instead argue for limited levels of active viral infection and production within these benthic ecosystems (Fischer et al., 2003; Filippini et al., 2006; Ram et al., 2009) .
Despite interest in the influence of viral processes on prokaryotic activity within sediments, no studies reported to date have examined interannual dynamics of viriobenthos, and only a handful of studies have examined seasonal variability in the abundance of prokaryotes and viruses within coastal (Siem-Jorgensen et al., 2008) or freshwater sediments (Farnell-Jackson & Ward, 2003; Fischer et al., 2003; Filippini et al., 2006) . As the first step toward greater appreciation of the dynamic effects of viral processes within the benthos, Chesapeake Bay sediment viral assemblages were investigated at various intervals over a 2-year time span (April 2003 -October 2004 ) across a latitudinal transect spanning the salinity gradient of the estuary (5-25 ppt). Sediment samples were examined for VA via epifluorescence microscopy and morphological diversity via TEM analysis. To our knowledge, this is the first study reporting interannual temporal and spatial dynamics of viriobenthos abundance and diversity within estuarine sediments.
Materials and methods

Sampling sites and collection
Chesapeake Bay sediments were collected from three stations over nine research cruises from April 2003 to October 2004. A four-tube multi-corer device (MC-400 Hedrick/Marrs; Ocean Instruments) was utilized to collect sediments from surface depths of 15, 25 and 9 m for the polyhaline station 724 (37°24′N, 76°05′W), mesohaline station 804 (38°04′N, 76°13′W) and oligohaline station 908 (39°08′N, 76°20′W), respectively. Each large core (10 cm diameter) was sampled once with a sterile 60-mL cutoff syringe, and the top 2 cm of sediment was processed immediately. For all measurements, replicates are defined as coming from different cores. Vertical profile cores were taken in the same manner and sectioned in 2-cm intervals using a sterile steel razor blade. Vertical profiles were taken in duplicate during a single cruise for station 908 in May 2005 and for stations 804 and 724 in August 2005. Each section was processed immediately. Total organic carbon, pH, particle size, as well as percent chemical composition of nutrients (e.g. carbon, nitrogen, phosphorus, and iron), were measured for all sediment samples according to the standard procedures of the University of Delaware Soil Testing Laboratory. Organic matter was discerned by ashing each of the sediment samples at 360°C for 2 h in a mechanical convection oven. The loss by weight of the samples during this process is calculated as the organic matter (OM) and is reported as percent by weight in the sediment (loss on ignition, LOI). Particle sizes of the sediment fractions were categorized as follows: sand (50-2000 lm), silt (2-50 lm), and clay (< 2 lm). Particle analysis was performed via the hydrometer method to determine the distribution of the larger-sized particles and to determine the distribution of the much finer particles. Water samples were collected within 2 m of the sediment surface with a CTD (Seabird 911 Plus) (conductivity-temperature-depth recorder). Temperature and salinity were also measured at the time of sampling.
Viral and bacterial sediment extractions
Viruses and bacteria were extracted in the same manner as in Helton et al. (2006) . Briefly, each 2-mL sediment sample was placed inside a sterile 50-mL centrifuge tube with 8 mL of 10 mM disodium pyrophosphate and 5 mM ethylenediaminetetraacetic acid (EDTA). Samples were vortexed horizontally, and larger particles were removed by centrifugation postagitation. The resulting supernatant was filtered through a 0.45-lm filter (Sterivex) to remove autofluorescing humic material, which interfered with epifluorescence microscopy. Although some sediment bacteria were lost, past work has shown that a majority of aquatic bacteria pass through 0.45-lm filters (Hahn, 2004; Wang et al., 2007) . Formaldehyde was added to a final concentration of 1%, and extracted samples were snap frozen in liquid nitrogen (LN 2 ), except samples from April 2003 and June 2003, which were stored between 7 and 12 h at 4°C prior to LN 2 snap freezing and were previously evaluated for loss and decay (Helton et al., 2006) .
Viral and bacterial enumeration
For microscopic enumerations, all sediment extracts and water samples were prepared using a modified method of Chen et al. (2001) . For VA, each sediment viral extract was filtered through a 25-mm, 0.02-lm anodized aluminum filter (Anodisc; Whatman International Ltd), backed with a 0.20-lm filter (Supor; Pall Gelman) and an extra thick glass fiber filter (GF/F; Pall Gelman) at approximately 20 kPa on a vacuum manifold. Filters were stained for 15 min in the dark with a final concentration of 2.59 SYBR Gold, which is supplied as a 10 0009 stock solution (Invitrogen) (Noble & Fuhrman, 1998) . Filters were air dried, topped with an antifade solution (Noble & Fuhrman, 1998) , and pressed flat with a weighted glass pane. Ten microscope fields of view and at least 200 virus and bacteria particles were imaged per sample using a Zeiss Axioscope-2 epifluorescence microscope (Carl Zeiss, Inc.) with a 1009 Plan NEOFLUAR oil objective lens, under fluorescein isothiocyanate (FITC) excitation. Each field was digitally captured in a 12-bit TIFF format using an ORCA-ER camera (Hamamatsu Corp.), and enumeration was carried out using the FOVEA PRO (Reindeer Software) plug-in with Adobe Photoshop. Viruses were identified as small green fluorescent spheres and could be differentiated from bacteria by relative size and fluorescence intensity. Abundances were calculated based on the method of Noble & Fuhrman (1998) . Extraction efficiency of viruses and bacteria was previously evaluated (Helton et al., 2006) using the same methods and showed that the bulk of the microorganisms were removed and represented a realistic but conservative abundance estimate.
Viral morphology via TEM
Virus morphologies were examined via TEM on a Zeiss CEM902 microscope (Carl Zeiss, Inc.) as described by Wommack et al. (1992) . Briefly, 2 mL of each sediment sample extract was purified via cesium chloride (CsCl) density gradient centrifugation (Sambrook & Russell, 2001 ) at 20 000 g, 21°C, for 2 h. Purified viruses were removed from the 1.45-1.50 g mL À1 CsCl layers as specified by the protocol. One hundred microliters of purified sample was mixed with 1.9 mL of sterile dH 2 O and centrifuged onto a 400 hex-mesh Formvar-coated copper grid at 25 000 g, 21°C for 2 h and then stained with 1% uranyl acetate until dry. 
Statistical analysis
Virus and bacteria abundance data were log transformed to achieve normal distribution. One-way analysis of variance (ANOVA) was performed on surface sediment viral and bacterial abundance (BA) and morphological data. Statistically significant ANOVA results (P < 0.05) were applied to Tukey HSD multiple-comparison tests to identify the differences among significant variables. A Spearman rank correlation analysis was carried out to test the relationships among bacteria, viruses, and sediment environmental parameters. Pearson's product-moment correlation was used for viral and BA with depth. These statistical calculations were calculated using SPSS (v.11.0.2; SPSS Inc.) and PRISM 4 (GraphPad Software Inc.). The reciprocal Simpson's index (1/D) (Magurran, 1988 ) was used to quantitatively assess the diversity of viriobenthic assemblages according to either the distribution of capsid sizes or morphological classifications. Principal components analysis (row-wise estimation method) of biogeochemical parameters within the interannual survey was performed using JMP (v.9.0, SAS Inst.).
Results
Surface sediment and bottom water characteristics
Surface sediment samples at each station differed in composition and have been previously described by Helton et al. (2006) . 
Sediment depth profile characteristics
For the sediment depth profile, BA declined significantly with depth for stations 908 and 724 (Fig. 1a) . On only two instances within the depth profile observations did Viriobenthos ecology of sediments viral or BA show increases over surface values. At station 908, there was a 47% increase in VA and 16% increase in BA over surface values at the 2 cm depth, and at station 804, values increased to near surface levels at the 8 cm depth. As a consequence, only station 724 indicated both a negative correlation between depth and VA (P < 0.05; r = À0.96), as well as depth and BA (P < 0.05; r = À0.83). Station 908 just showed a negative correlation between depth and BA (P < 0.05; r = À0.69). Along all vertical sediment profiles, sum viral abundance (i.e. VA summed across all sediment depths) was positively correlated to corresponding sum BA (P < 0.001). The ratio of viral to BA (VBR) varied along the depth profiles and showed sub-surface peaks at 6 cm for station 908 and at 4 cm for station 724. Stations 804 and 724 sediments were more homogeneous in composition with station 804 comprised mostly of clay, below 2 cm depth, and 724 consisting of mostly silt (Fig. 1b) . Over the 10 cm depth profile, station 908 contained very little sand but showed the greatest variability in clay and silt composition. Data were not available for the 10 cm depth at station 908. With regard to total percent carbon (C), nitrogen (N), and sulfur (S) (Fig. 1c) , station 908 showed the greatest percent C, c. 4% throughout the entire depth profile. N content was uniformly low, ranging between 0.1% and 0.4% at each station. Station 908 showed a slightly higher S content at depths > 6 cm, which was not apparent at either of the other two stations. Sulfur content was greatest at station 804, reaching nearly 1% of total composition. The sandier sediments of station 724 showed the least amount of OM at c. 2% with sediments from 908 and 804 comprised of up to 5% OM (Fig. 1d) . For each station, the dominant element was Mg, ranging from 7.7% (station 724) to 24% (station 908), except for the surface sample at station 804 where there was a greater percentage of K within the sediment sample. A noticeable decrease in Fe content, from 10.5% to 6.5%, was seen across the depth profile of station 804 sediments.
The other two stations had fairly uniform Fe content throughout the profile.
Seasonal trends in sediment viral and BA
Across all surface sediment samples, viral and BA were significantly correlated (r = 0.64, P < 0.05) ( (Fig. 2c) . For surface sediments, the north to south geographic gradient of station location (i.e. 908-804-724) was inversely correlated (P < 0.001) to salinity, and positively correlated to % OM, and % N content (Table 1) , whereas viral and BA were not significantly correlated to any other measured factor. Multivariate principal components analysis of environmental factors did not clearly identify a combination of factors that strongly influenced sediment VA across the interannual sampling period (Supporting Infor- Table 1 . Bivariate correlation coefficients (r) between surface sediment bacterial and VA, sampling station, salinity and percent total (%) chemical composition of nitrogen (N), phosphorus (P), and iron (Fe) in sediment samples; n = 25. OM = organic matter by loss of weight on ignition (**P < 0.001; *P < 0.05) Fig. S2 ). In all the cases examined (all variables, water-only variables, and sediment-only variables), stations partitioned according to geographic location with samples from the upper bay station 908 segregating away from samples at the middle (804) and lower (724) bay stations. By and large, nutrient elements (e.g., Fe, Ca, K, Cu, Mg, NO 2 , and NO 3 ) and salinity showed the strongest effects while biological factors (e.g., chl a, BA) were weaker. In each case, 50% or more of total variability between samples was captured by the first two components.
Seasonal trends in bottom water viral and BA
The highest VA within near benthos water samples (~2 m above the sediment-water interface) occurred in spring (P < 0.04) and summer 2003 (P < 0.002) (Fig. 2d) . Interannual trends were not apparent, however, as the lowest estimates were seen in summer 2004 (Fig. 2d) . The grand mean VA across all bottom water samples was 1.5 9 10 7 viruses mL
À1
. Bacterial densities within bottom water samples were not significantly different between sampling times; nevertheless, seasonal trends were observed with higher abundances typically occurring in summer (Fig. 2e) . The grand mean for bacterial densities in the bottom waters from all three stations was 1.9 9 10 6 cells mL
. The VBR for bottom waters ranged from a low of 0.5 (station 724 and 804) to an average high of 26 during the April 2003 cruise for all stations (Fig. 2f) . The VBR was relatively similar between all stations over time, in contrast to sediments where VBRs for each station were more variable.
Sediment and water comparisons
Viral and bacteria abundances in bottom waters were positively correlated to one another (P < 0.05; r = 0.5) (Fig. S1a) . Additionally, in sediments, the sum depth profile of all viral and BA was positively correlated to one another (P < 0.001; r = 0.7) (Fig. S1b) . When comparing Viriobenthos ecology of sediments surface sediment and bottom water directly, the most significant positive correlations (P < 0.001) were observed between viral and BA estimates of the originating matrix, that is, water viruses and water bacteria ( Table 2) . However, significant correlations were also seen between sediment VA and BA in the overlying bottom water (P < 0.05) and between VA in both sediment bottom water samples (P < 0.05) ( Table 2) . Despite the differences in sediment characteristics across the transect (Fig. 1) , no significant differences in viral or BA were observed between the various stations sampled within a given cruise. Thus, with regard to microbial abundance, Chesapeake Bay sediment environments seemed to respond similarly to seasonal changes. This same stability was not seen on an interannual basis as noticeable differences in bottom water and sediment viral and BA occurred between the October 2003 and October 2004 cruises. An exact explanation for this difference is currently unknown, as the temperature difference did not exceed more than 4°C between the two sample times. However, bacterial production rate in bottom waters at all stations during 2004 was lower than those in 2003 (data not shown), with station 908 showing the greatest interannual decrease in bacterial production rate.
Viral morphology via TEM
Virus morphology (Fig. 3) was examined, and capsid diameters were measured in samples taken during autumn 2003 and spring 2004 (Figs 4 and 5) . At station 908, the most dominant morphotype was Podoviridae, with relatively little difference between the two seasons ( Fig. 4a and d) . Station 804 spring samples showed a frequency distribution of virus morphologies similar to that of spring samples collected from station 908 (Fig. 4b) . The autumn sample for 804 showed a more even distribution of morphotypes as compared to 908 samples or the spring sample from 804, with an increase in the frequency of Myoviridae, Siphoviridae and phage with elongated capsids (Fig. 4e) . Viruses within the Podoviridae morphological group were predominant in spring samples from station 724, and tailless ( Fig. 3a) and filamentous phage were also more frequent in these samples (Fig. 4c) .
As with station 804, the autumn sample differed from the spring sample for station 724, again with increases of Myoviridae, Siphoviridae and phage with elongated capsids (Fig. 4f) . The filamentous viruses (Fig. 3d) were mostly observed in the sandy sediments (724); however, these were still fairly low (3-4%) in comparison to other morphotypes. Elongated capsid viruses (Fig. 3e) accounted for about 1% of all observed viruses and were seen mostly in the silty-clay sediments (804). For all samples, the tailed phages comprised the majority (70-78%) of observed viruses.
The only significant correlation related to morphotype diversity of sediment viral assemblages was a positive correlation between morphotype diversity and salinity (P < 0.05). According to the reciprocal Simpson's index (1/D), the greatest morphotype diversity occurred within autumn samples from station 724 (1/D = 4.2) and spring samples from station 804 (1/D = 3.3). In addition to morphotype, benthic virus capsid diameters indicated that viruses within Chesapeake Bay sediments tended to possess small capsid diameters, with 75% of all observed viruses having diameters between 20 and 50 nm, of which 47% of this fraction was between 30 and 40 nm. Station 908 showed a nearly consistent distribution of capsid diameters between the two seasons ( Fig. 5a and d) . Based on the reciprocal Simpson's index of capsid diameters, station 804 displayed a more even frequency distribution of capsid diameters in the spring samples (1/D = 5.1) (Fig. 5b) , while station 724 showed a greater diversity in the autumn sample (1/D = 4.9) (Fig. 5f ). Thus, according to the frequency distributions of capsid diameter and morphotype, station 724 sediments collected in autumn demonstrated the greatest viral diversity.
Discussion Abundance of viruses and bacteria in sediments
The present study is the first to conclusively reveal significant changes in VA over seasonal cycles from a range of estuarine sediments in the Chesapeake Bay. Similar to aquatic environments where VA ranges over several orders of magnitude (10 5 -10 8 ) (Wommack & Colwell, 2000) , sediment environments also illustrate a large range in reported VA [see Danovaro et al. (2008a, b) for extensive review]. Previous investigations of sediment VA have reported values from 2.8 9 10 4 viruses mL À1 sediment from a freshwater wetland in Alabama (FarnellJackson & Ward, 2003) to 2.2 9 10 11 viruses mL À1 sediment in the eutrophic Brisbane River, Australia (Hewson et al., 2001) . The larger abundance of viruses in eutrophic sediments may be due to a high nutrient availabil- Viriobenthos ecology of sediments ity, which in turn results in greater BA as indicated by the positive correlation between sediment viral and BA. Furthermore, because of the inherent difficulties associated with extracting and subsequently enumerating viruses from sediments, it is possible that part of this 10 million-fold difference reflects methodological artifacts between studies (i.e. vortexing technique vs. sonication) as it has previously been established that longer sonication times can result in lower viral counts (Danovaro et al., 2001 (Danovaro et al., , 2008a . However, the extraction efficiency of the Chesapeake Bay sediments, which have been prepared using the method, presented here showed that the bulk of the extractable estuarine sediment viruses (~70%) were removed within the initial extraction step (Helton et al., 2006) . Thus, values reported for Chesapeake sediment samples likely underestimate true abundance; however, because extraction and counting methods were consistent across the dataset, experimental observations should be reflective of trends within the unsampled viriobenthos.
The mechanisms contributing to such high VA in sediments are currently unclear. Perhaps because sediments are higher in OM concentration, the increased resources result in a larger standing stock of bacteria that in turn results in increased VA (Hewson et al., 2001) . However, it is also possible that the adsorptive properties of sediment particles may increase viral retention as shown in soils (Williams et al., 1987; Williamson et al., 2007) , marine environments (Moebus, 1987; Williams et al., 1987) , and sediments (Johnson et al., 1984; Quignon et al., 1997) . Thus, a large proportion of viruses in sediments could be persisting rather than actively infecting coexisting bacteria as has been hypothesized for some soil viral assemblages and documented for sub-benthic deep-sea sediments (Corinaldesi et al., 2010) . Filippini et al. (2006) examined this idea though studies of sediments from a Swiss eutrophic lake and found that though VA was high, it was not necessarily evidence of a higher level of infectivity. However, the methodological approaches, that is, sonication and the frequency of visibly infected cells (FVIC) estimate of viral infection, caution against acceptance without supporting data. Sonication methods are frequently used to separate bacteria from biofilms (Batte et al., 2006) and sludge (Falcioni et al., 2006) as well as removing viruses from sediments (Danovaro et al., 2001 ) and soils (Williamson et al., 2005) . However, sonication methods are also used to lyse bacteria (Feliu et al., 1998) and yeast cells (James et al., 1972) and thus may have reduced the number of infected cells available for subsequent enumeration.
In contrast to the view that a large part of the sediment community consists of inactive viruses are reports of high viral production rates from 2 9 10 6 viruses cm À3 h À1 in continental margin sediments to to 2 9 10 8 viruses mL À1 h À1 from the benthos of the Mediterranean Sea (Mei & Danovaro, 2004) . If these rates are accurate, then viral lysis has a significant impact on bacterial mortality and the carbon cycle in sediments (Danovaro et al., 2009 ). An increase in VA and production was related to an increase in BA across a gradient of oligotrophic to eutrophic conditions (Hewson et al., 2001; Culley et al., 2003) . Similar positive correlations between viral and BA were also seen in this dataset (Table 1 ; Fig. S1b ). High nutrients in a physically more stable environment (as compared to water) would be considered advantageous for bacterial growth and activity, resulting in a favorable environment for increased VA through greater viral production (Lymer & Vrede, 2006) . Such links between bacterial respiratory activity and viral production have been conclusively demonstrated in anoxic slurries of coastal marine sediments (Glud & Middelboe, 2004) . Nevertheless, viral infectivity in sediments may be reduced by a variety of means including clay adsorption (Marshall, 1975; Lipson & Stotzky, 1983) and discontinuous pore spaces (Williamson et al., 2005; Filippini et al., 2006) . Ultimately, the standing stock of viruses within sediments represents a balance between loss and production processes. It is possible that in sediments, the protective effect of adsorption greatly reduces viral loss, and thus, little active viral production is needed to maintain the extraordinary standing stock observed in the Chesapeake. Alternatively, a highly active and productive sediment bacterial community may contribute to high levels of viral production with concomitantly modest levels of viral loss. While either of these scenarios can be envisioned, the highly eutrophic conditions and high clay content of Bay sediments argue for the latter (Weinbauer, 2004) . VBR has been used to investigate bacterial and viral relationships and evaluate whether greater nutrient availability influences greater production of viruses and/or bacteria (Wommack et al., 1992; Maranger et al., 1994) . Here, the VBRs of the surface sediments, with mean values not exceeding 69, were consistent with those found previously in estuarine sediments (Hewson & Fuhrman, 2003) and pore waters (Drake et al., 1998) . In marked contrast, reported values for VBRs in deep-sea (Danovaro & Serresi, 2000) and freshwater (Filippini et al., 2006; Ram et al., 2009) sediments are often 10-fold lower than the values seen in Chesapeake Bay sediments [see comparison data in Helton et al. (2006) and Danovaro et al. (2008a, b) ]. As compared to aquatic environments where reported VBR estimates rarely show any significant deviation from 10 (Weinbauer, 2004) , this parameter appears to vary much more widely for sediment environments and may indicate substantial differences in the role of viruses within sediments across ecosystems.
To date, few studies have examined how viriobenthos assemblages respond to seasonal changes within temperate climates. A comprehensive analysis of seasonal patterns in viriobenthos abundance conducted in Danish coastal sediments found that over an annual cycle, peak viral and BA occurred during periods of high chlorophyll abundance. Moreover, the springtime peak in VA followed a peak in BA -a trend that argued for a tight link between sediment viral-host interactions and the influx of nutrients through benthic pelagic coupling (Siem-Jorgensen et al., 2008) . In Chesapeake sediments, peaks in VA tended to correspond with rises in BA, and regression analysis showed that correspondence between VA and BA was tighter for surface sediments than for water samples at the benthic boundary layer (Fig. S1 ). In contrast, two seasonal studies of freshwater benthic habitats found that samples of water and decaying plant material showed stronger correlations of viral and BA than sediments (Farnell-Jackson & Ward, 2003; Filippini et al., 2006) . Thus, these trends in the seasonal correspondence of viral and BA may indicate deeper underlying differences in the relative impact of viral infection across ecosystems and habitats.
While estimates of viral and BA or bulk viral production in sediments provide compelling data that viral impacts vary seasonally and that viriobenthos assemblages respond to larger-scale seasonal changes in temperate ecosystems, these approaches cannot provide deeper mechanistic insights on the nature of viral-host interactions shaping these responses. Ultimately, the nature and character of these responses are an aggregate outcome of a multitude of phage-host interactions. Unchanging viriobenthos composition would indicate that seasonal changes are occurring from the production of the same viral populations over time. Alternatively, shifting patterns in composition would indicate that different viral populations are contributing to viriobenthos production. We attempted to address these hypotheses by comparing the frequency distributions of benthic viruses among morphotype and capsid size diameter classes between spring and autumn at three locations. Comparisons of seasonal data from each site show differing trends. With regard to both criteria, viriobenthos assemblages at station 908 were relatively unchanged between seasons, whereas assemblages at stations 804 and 724 did change with regard to the frequency distributions of both morphotype and capsid diameter. Thus, despite the low resolution and sample throughput of TEM-based analyses of viriobenthos diversity, this study provides evidence that seasonal changes in viriobenthos abundance and production reported in other studies (Farnell-Jackson & Ward, 2003; Filippini et al., 2006; Siem-Jorgensen et al., 2008) are probably the result of underlying shifts in the growth of specific viral populations. This trend of seasonally changing patterns in Chesapeake Bay viriobenthos composition has also been demonstrated with randomly amplified polymorphic DNA-PCR (RAPD-PCR), a more selective molecular genetic assay (Helton & Wommack, 2009) . Interestingly, the low resolution but more inclusive (i.e. encompassing all virus populations) TEM-based diversity measurements used here contrasts with earlier RAPD-PCR data (Helton & Wommack, 2009) . In that study, viriobenthos assemblages from station 908 showed the greatest level of seasonal variability, whereas the TEM-based measurements indicated little change in the composition of 908 viriobenthos. Thus, connections between morphological diversity and genetic diversity within viriobenthos assemblages may be tenuous and likely reflect the disagreement between morphology and viral genotype seen in genomic studies of viral diversity (Botstein, 1980; Rohwer & Edwards, 2002) .
Vertical profile of VA
As shown in several reports, viral and BA tends to decrease with depth in marine and estuarine sediments (Drake et al., 1998; Danovaro & Serresi, 2000; Glud & Middelboe, 2004; . Higher VA in surface sediments likely correspond with the elevated bacterial activity, resulting from increased nutrient availability (Drake et al., 1998; van Duyl et al., 1999; Hewson et al., 2001; Danovaro et al., 2009) . However, sub-benthic peaks in VA have been reported for estuaries (Hewson et al., 2001) , shallow coastal environments , and the Mediterranean deep-sea (Danovaro & Serresi, 2000) and were seen for station 908 sediments in this study. In some cases, VA has been shown to be nearly constant down to as much as 1 m sediment depth (Corinaldesi et al., 2007 (Corinaldesi et al., , 2010 . In a larger context, changes in microbial abundance within deeper sediment layers have been related to changes in predominant biogeochemical processes. Strong correlations have been seen between sub-benthic VA and levels of bacterial respiratory activity and sulfate reduction rates (Middelboe et al., 2003) . The most extreme example of subsurface phenomena occurred in a deep sediment core from Saanich Inlet, British Columbia where bacterial and VA increased to near surface levels 22 m below the sea floor (Bird et al., 2001) . Ironically, changes in VA and BA throughout the deep core correlated negatively with OM content. Instead, the deep subsurface peak corresponded with a region high in biogenic gas concentration, an indication of microbial activity. Thus, sub-benthic increases in VA seen at station 908 and the unchanging levels of VA down to 10 cm depth at station 804 were likely correlated with increases in prokaryotic diagentic activity with sediment depth. 
Morphological diversity of sediment viruses
While there has been a decline in the use of TEM-based descriptions of viral morphology for analysis of viral assemblages, ironically, use of the ICTV morphological families remains a key feature of cutting-edge metagenomic analyses of viral assemblages (Bench et al., 2007; Helton & Wommack, 2009; Rosario et al., 2009) . The vast majority of observed virus-like-particles in Chesapeake Bay sediments were morphologically similar to bacteriophages, and surprisingly high frequencies of filamentous phages were observed in sandier sediments from station 724. When examining phage morphology via TEM, one caveat, which must be addressed, is the potential for the loss or breakage of phage tail structures. The violent means of extraction as well as the manipulation of samples during grid preparation may have resulted in lost or broken phage tails, thus skewing the diversity of categorization between phage families. Additional studies in our laboratory addressed the potential for phage tail breakage in the extraction and processing of sediment viruses for TEM analyses. Because of the vigorous nature of vortexing, TEM-based morphology data may be biased toward podoviruses and tailless phage, while concurrently misjudging the proportion of siphoviruses in sediments because of the increased likelihood of tail breakage (Williamson et al., 2011) .
From this study, it is evident that estuarine sediment environments contain dynamic communities of diverse bacteria and viruses, with the majority of observed viruses being bacteriophage. Interactions with sediment type (e.g. sand, clay) and chemical composition play important roles in how the community adapts to environmental changes both on the benthic surface and into the depths of the sediments. Insight into the dynamics, distribution and diversity of benthic viruses provides a better understanding of the vital roles viruses play in the sediment environment. The viral and bacterial assemblages in the sediments of the Chesapeake Bay are noticeably dynamic, having an observable seasonality across the spatial zones of the bay. Yet instead of existing as indiscriminate parasites, viruses inhabiting sediments are in fact vital constituents of the sediment microbiota, reacting to the overlying changes governing the productivity of the whole viriobenthos bionetwork.
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